Despite its growing age, the JPEG is among the most popular choices as a standard compression scheme for continuous-tone still images. In this paper, a novel technique is proposed to alleviate the blocking artifacts that usually occur in JPEG coded images especially at low bit rates. The proposed algorithm consists of two stages: firstly, the AC coefficients are estimated based on their observed probability distribution and secondly, a postprocessing scheme is applied for blockiness removal, consisting of a region classification algorithm and a spatial adaptive filtering. Experimental results demonstrate the efficiency of the proposed method. r
Introduction
The basic approach for the JPEG image compression is fairly simple. The encoding process consists of dividing the image into blocks, typically of size 8 Â 8: A block transform, typically the DCT, is applied to these blocks, and the transform coefficients are individually quantized (scalar quantization). This block DCT scheme takes advantage of the local spatial correlation property of images and also saves processing time [1] . Due to the performance of DCT to highly correlated signals which is close to that of the (optimal) KarhunenLoeve transform (KLT), and the availability of fast software and hardware implementations, JPEG is very popular in many image coding applications.
However, the individual processing of each block induces visually annoying blocking effects, since the correlation among spatially adjacent blocks is disregarded during coding, particularly when a high quantization parameter is used for achieving high compression ratios. For example, a smooth change of luminance across a border can result in a step in the decoded image if neighboring samples fall into different quantization intervals. Such so-called ''blocking'' artifacts, are often very disturbing. The blocking effect in JPEG images can be classified into three categories [2] : (a) Stair case noise along the image edges, (b) grid noise in the monotone areas, and (c) corner outliers in the corner points of the 8 Â 8 DCT blocks.
To reduce such artifacts, various low-pass filtering schemes have been proposed. These techniques smooth out the block boundary at the expense of unnecessary blurring of the decoded image. The easiest approach taken to tackle this problem is to low-pass the blocky JPEG image [3] . This approach will reduce the effect of high-frequency tendency but the resulting image will be blurry and some details will be wiped out. In the Ramamurthi algorithm [4] , the ratio of intensity change is compared to the average intensity using an appropriate threshold. This algorithm neutralizes the gradients caused by random speckle noise. A 2-D filter is used to reduce the grid noise in the monotone area, whereas a 1-D filter is used to reduce the staircase noise along the edges. However, the classifier cannot discriminate between an L-shaped edge segment and diagonal edge segment.
Xiong et al. [5] use an overcomplete wavelet representation to reduce the quantization effects of block based DCT. In [6] , the wavelet transform modulus maxima (WTMM) representation is used for efficient image deblocking. A spatially adaptive image recovery algorithm was proposed in [7, 8] based on the theory of projections onto convex sets (POCS). In the POCSbased method, closed convex constraint sets are first defined that represent all the available data on the original uncoded image. Alternating projections onto these convex sets are then iteratively computed to recover the original image from the coded image. POCS is effective in eliminating blocking artifacts, but less practical for real-time applications, since the iterative procedure significantly increases the computation complexity.
In this paper, a new method is proposed for the reduction of blocking effects in JPEG. Initially, better estimates of the reconstructed DCT coefficients are obtained based on their observed probability distribution. Subsequently, a novel postprocessing scheme is applied consisting of a region classification algorithm and a spatial adaptive filtering for blockiness removal. The type of filtering is determined on the basis of an estimate of the local characteristics of the coded image. The aforementioned two stages of the proposed algorithm are acting complementarily for the reduction of blocking artifacts. The efficient performance of the proposed algorithm is due firstly to the proposition that the shape and the position of the filter kernel are adjusted according to the characteristics of the local image region and secondly to the employment of the modified improved DCT coefficients by the postprocessing filter. This approach is shown to produce excellent results in removing blocking artifacts.
The rest of this paper is organized as follows: In Section 2, the mathematical analysis underlying the concept for the distribution-based restoration of the DCT coefficients is described. Section 3 presents in detail the blocking artifact reduction algorithm by the spatial adaptive filtering procedure. Experimental results given in Section 4 evaluate visually and quantitatively the performance of the proposed method, using the MSDS metric. Finally, conclusions are drawn in Section 5.
DCT coefficient adjustment
In the JPEG formulation, the input image is first divided into 8 Â 8 blocks, and the two-dimensional DCT of each block is calculated. The two dimensional DCT can be obtained by performing column-wise onedimensional DCT followed by row-wise one-dimensional DCT. The 64 DCT coefficients in the spatial block B i;j are then determined by the following formula:
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vÞ are the DCT coefficients of the B i;j block, f ij ðn; mÞ is the luminance value of the pixel ðn; mÞ of the B i;j block, and N Â M are the dimensions of the image. The two-dimensional DCT transformed output is ordered so that the DC coefficient F ij ð0; 0Þ; is in the upper left corner and the higher frequency coefficients follow, depending on their distance from the DC coefficient. The higher vertical frequencies are represented by higher row numbers and higher horizontal frequencies are represented by higher column numbers. A typical quantization-reconstruction process of the DCT coefficients as described in JPEG [1] , is given by The standard method for restoring the DCT coefficients is equivalent to replacing each coefficient by the center of the quantization interval in which the original coefficient falls. The distribution of the non-DC coefficients for a given ðu; vÞ peaks at zero and decreases monotonically. For quantization intervals not including zero, the distribution of the original coefficients is denser at the end of the interval closer to zero. The mean of the distribution is the minimum mean squared error reconstructor. For simplicity, we model the distribution of absolute amplitudes as exponential with mean m [11] . The mean of F 
Postprocessing using spatial adaptive filtering
Following the description of the main picture quality impairments due to low bit rate JPEG compression scheme and after the biased reconstruction of the DCT coefficients, the design requirements of the proposed efficient postprocessing method can be outlined as follows. The compressed image is initially segmented into different regions which correspond to areas that suffer from different types of degradation. Hence, a classifier which distinguishes the smooth regions from the detailed ones need to be employed.
Provided that the above step of region classification has been implemented successfully, an adaptive filtering technique takes into consideration the characteristics of the quantization noise in different areas of the coded image. Specifically: * Staircase noise along the edges must be removed, so that edges appear continuous and sharp. This requires smoothing along, but not across, the edge direction to avoid blurring. * False contours visible in the areas of slowly varying intensity should be eliminated. This requires smoothing of the intensity changes that occur between adjacent blocks. * The disturbing blocking effect should also be removed from textured areas, in a manner that preserves any high detail that survived during the coding process.
The proposed method employs a useful tool for the description of local image features, known as windowed second moment matrix (WSMM) [12] , whose elements are the locally smoothed functions of the image derivatives. Information provided by the WSMM has been utilized for a number of computer vision tasks, such as the detection of feature points and the extraction of shape information from texture areas [12] . 2 : The WSMM coefficients are then employed to perform the tasks required for the removal of annoying artifacts from the compressed images, namely, region classification and filtering.
Region classification
A simple algorithm based on the values of the WSMM coefficients is used to distinguish the low-detail areas from the high-detail ones in the coded image. The quantities A and B; defined in (5), contain information about the local edge strength [14] . It is expected that a large value of either of them will be due to the presence of a jagged edge or image texture. This is especially true when the area of smoothing, defined by parameter M; is chosen to have size similar to that of the coding block. Thus, region classification is performed by comparing the values of A and B against a predetermined threshold T [14] . If at least one of them exceeds T; then the corresponding picture element is assumed to belong to a high-detail area of the image; otherwise, it is assumed to lie in a uniform low-detail area. The filtering strategy is then decided according to the outcome of the classification.
Filtering of high-detail areas
The purpose of the postprocessing in high-detail areas is twofold: to eliminate the visible noise from the edges and to preserve any detail that remains in the texture blocks. A new adaptive filtering operation which satisfies both requirements is proposed in this paper. The process computes for each pixel, a Gaussian-type kernel which is shaped and displaced according to locally smoothed image gradient functions [15] . The filter kernel Kðx; yÞ is defined as follows:
where S is a normalization factor defined by [14] S ¼ X 
and N is the side length of the square truncation mask that contains the kernel, s is the standard deviation of the variable Gaussian kernel, # A; # B and # C are the coefficients of the WSMM normalized by division by A þ B to reduce image dependency problems [15] , and D x ; D y determine the magnitude of the kernel displacement along each of the principal axes. D x ; D y are then defined as follows [16] :
where m is an attenuation constant and 
The three terms in the exponent adapt the shape of the kernel in such a way that its longest axis is parallel to the locally dominant edge direction [16] . The function of the displacement components, which are also obtained from gradient calculations, is to displace the main weights of the kernel away from edges. The effect is that, when the centre is close to an intensity edge, the main contribution to the convolution originates from the region that includes the centre and not from the other side of the boundary. Consequently, the sharpness of the edge is preserved.
This filter satisfies all the requirements for processing detailed areas of the reconstructed image. First, near an intensity edge the filter kernel is oriented along the edge which is important in order to avoid blurring. Secondly, the fact that the main weights of the kernel are displaced in or out of the edge (depending on the relative position of the point which is filtered) ensures the continuity and the sharpness of the edge. Finally, the presence of strong intensity discontinuities in different directions results in the reduction of weights lying away from the centre of the filter kernel. The latter ensures that image details are preserved in textured areas.
Filtering of low-detail areas
For low-detail image areas, the adaptive filter described above is not appropriate. This is due to the fact that intensity changes in the boundaries of neighbouring blocks will be wrongly perceived as intensity discontinuities. In such areas, simple smallscale Gaussian filtering can smooth the boundaries between coding blocks, as required for achieving better visual quality, without introducing any noticeable defects.
Experimental results
In order to measure and evaluate the performance of our approach for blocking artifact reduction, commonly used metrics, such as the mean square error or signal to noise ratio, were not employed since they involve pixels of the entire image and not pixels near the block boundaries. Instead, a metric called mean squared difference of slope (MSDS) [9, 10] per block is preferred to be used for the evaluation of the proposed technique. It involves the intensity gradient (slope) of the pixels close to the boundary of two blocks. Specifically, it is based on the empirical observation that quantization of the DCT coefficients of two neighboring blocks increases the MSDS between the neighboring pixels on their boundaries.
To better understand this metric, consider an 8 Â 8 block f of the input image and a block w vertically adjacent to f : If the coefficients of the adjacent blocks are coarsely quantized, a difference in the intensity gradient across the block boundary is expected. This abrupt change in intensity gradient across the block boundaries of the original unquantized image is rather unlikely, because most parts of most natural images can be considered to be smoothly varying and their edges are unlikely to line up with block boundaries. Thus, the MSDS between the blocks f and w is e w ¼ P 7 m¼0 ½d 1 ðmÞ À d 2 ðmÞ 2 where d 1 ðmÞ is the intensity slope across the boundary between the f and w blocks, defined by d 1 ðmÞ ¼ f ðm; 0Þ À wðm; 7Þ and d 2 ðmÞ is the average between the intensity slope of f and w blocks close to their boundaries, defined by d 2 ðmÞ ¼ ðwðm; 7Þ À wðm; 6ÞÞ=2 þ ðf ðm; 1Þ À f ðm; 0ÞÞ=2: The ideas in the above discussion are applicable to both horizontal and vertical neighboring blocks. Specifically, if blocks w; e denote the blocks horizontally adjacent to f ; and blocks s; n present the blocks vertically adjacent to f ; then, the MSDS which involves both horizontal and vertical adjacent blocks (hereafter, MSDS 1 ) is given by MSDS 1 ¼ e w þ e e þ e s þ e n ; where e e ; e s and e n are defined similarly.
We now involve also the four diagonally adjacent blocks. If nw is a block diagonally adjacent to f ; then, we define: e nw ¼ ½g 1 À g 2 2 where g 1 ¼ f ð0; 0Þ À nwð7; 7Þ and g 2 ¼ ðnwð7; 7Þ À nwð6; 6ÞÞ=2 þ ðf ð1; 1Þ À f ð0; 0ÞÞ=2: If nw; ne; sw and se are the four blocks diagonally adjacent to f ; the MSDS involving only the diagonally adjacent blocks (hereafter, MSDS 2 ) is MSDS 2 ¼ e nw þ e ne þ e sw þ e se where e ne ; e sw and e se are defined in a similar way. Thus, the total MSDS (hereafter, MSDS t ) considered in this paper, involving the intensity slopes of all the adjacent blocks is MSDS t ¼ MSDS 1 þ MSDS 2 : Table 1 shows the image name, its size, the MSDS t of the original image (all in the first column), the coding rate (bits per pixel) and the MSDS t per image block for the cases of (i) the nonsmoothed reconstructed image, (ii) the reconstructed image processed by method of [2] (a) (b) (a) (b) and (iii) the reconstructed image processed by the proposed algorithm. As expected, in JPEG coded images the value of MSDS t per block increases compared to the original images, due to quantization. Our approach shows a significant reduction of the MSDS t and clearly outperforms the method proposed in [2] . A visual illustration of the performance of our method, showing the JPEG reconstructed portions of ''Lenna'' and ''Peppers'' images and the corresponding reconstructed portions of the images processed by the proposed method is shown in Figs. 1 and 2 . These figures illustrate the efficiency of the proposed method.
Conclusions
Decompressed images obtained from compressed JPEG streams, often contain bothersome blocking artifacts which constitute a serious bottleneck for many important visual communication applications. This paper proposes a novel algorithm aiming to reduce such blocking artifacts. In our approach, better estimates of the reconstructed DCT coefficients are obtained based on their observed probability distribution. Subsequently, a novel postprocessing procedure consisting of high and low detail region classification and a spatial adaptive filtering is applied for the removal of blocking artifacts. The type of filtering is determined based on an estimation of the local characteristics of the coded image. The criterion used for the evaluation of the proposed method is the MSDS (i.e., the MSDS t form). Experimental evaluation of the performance of the proposed technique clearly demonstrated its ability to detect and alleviate blocking artifacts effectively.
